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Abstract 
A new revolutionary attitude towards investigation of fatigue damage in cyclically loaded 
steel samples is reported. The measurement is based on the method of Magnetic adaptive 
testing, which – in contrast to traditional magnetic hysteresis investigations – picks up the 
relevant information from systematic measurement and evaluation of whole minor magnetic 
hysteresis loops and their derivatives. Satisfactory correlations between nondestructively 
measured magnetic descriptors and actual lifetime of the fatigued material were found. The 
presented method is able to serve as a powerful tool for indication of changes, which occur in 
structure of the inspected objects during their industrial service lifetime, as long as they are 
manufactured from ferromagnetic materials. 
 
 
1. Introduction 
Owing to their beneficial mechanical properties, ferromagnetic materials are widely 
used in fields such as railways, pipelines, power stations, pressure vessels, petrochemical 
engineering, and even aerospace. Many ferromagnetic components are subjected to 
alternating load in service, which often causes their structural failure as a result of fatigue [1 -
 4]. Fatigue evaluation and residual lifetime assessment are challenging issues with a high 
profile in industry. Nearly 90% of industrial component failures take place due to fatigue that 
occurs without warning. In order to check up health of ferromagnetic construction materials, it 
is important to timely monitor their fatigue damage, i.e. to detect initiation and propagation of 
fatigue cracks, and to predict residual lifetime of the constructions. 
Fatigue process of a mechanically loaded solid metal object can be commonly 
characterized by its fatigue lifetime. Generally the fatigue lifetime consist of pre-initiation 
phase, nucleation phase and three phases of the fatigue crack growth continuously merging 
into each other. The pre-initiation is characterized by variation of macroscopic mechanic 
properties of the material, caused by re-arrangements and changes of density of dislocations. 
The material can soften or harden, the variations can be even non-monotonous. Nucleation or 
initiation of the fatigue micro-cracks takes place during the nucleation phase. The 
rearrangement of dislocations can lead to local stress concentrations that give rise to crack 
nuclei. Localized stress enables the crack nuclei to grow and fatigue micro-cracks are formed 
during stage I of the fatigue crack growth. In stage II, one or few of the micro-cracks develop 
into macro cracks and start a stable growth, i.e. the crack growth rate is proportional to the 
stress intensity factor. In stage III, the crack growth becomes unstable, and the crack growth 
rate is increased until a certain critical crack length is attained. Then the stress concentration 
factor at the crack tip exceeds the fracture toughness of the material and final breakage of the 
loaded object takes place. 
 If any industrial object should be safely protected against its complete breakage, an 
attitude referred to as a “damage-tolerance philosophy” is frequently applied. This requires 
application of some indicative techniques, which are able to detect danger of approaching 
mechanical problems in time, during the starting phase of the fatigue cracks nucleation and 
spreading already, namely soon enough before the main crack achieves its critical length. 
Over the past century, many non-destructive methods have been studied in research of the 
fatigue damage evaluation. Some of the methods that showed promise for metals and alloys 
included X-ray diffraction, see e.g. [5], laser diffraction [6], infrared thermography [7], and 
positron annihilation [8]. At present, non-destructive test methods for detecting fatigue cracks, 
such as ultrasonic test, eddy current inspection and penetrant inspection, etc., can only find 
macro-defects of certain sizes. These methods are unsuitable for early warning of the 
approaching fatigue damage [9, 10]. As a dynamic detection method, acoustic emission can 
diagnose early failure, but has some limitations in wide applications. For example, 
measurements by using this method must be performed under the loading conditions, and 
measured signals are difficult to be analyzed due to interference by noise [11, 12].  
Fatigue damage detecting sensors are also frequently used for early detection of 
fatigue. For a review of them, see [13]. The primary advantages of these sensors are generally 
summarized as being small in size, with simple design, ease of preparation, low cost, good 
metrological characteristics, and a lack of necessity for a permanent connection of complex 
measuring and recording instruments. On the other hand, the common drawbacks for the 
application of these fatigue damage sensors in actual products are high environmental 
sensitivity, low stability, low reliability, as well as low repeatability. Owing to the stringent 
requirements of industrial products, such as repeatability, reliability, and stability, the fatigue 
fuse with a small slit and the electrical resistance fatigue gauge are the two most promising 
and commercially available fatigue sensors for industrial applications. However, until now, 
only a few of these two types of fatigue damage sensors have been developed commercially 
and applied in selected industrial areas (e.g. steel bridges). 
 If the investigated object is ferromagnetic, e.g. steel or cast iron, then certainly one of 
the promising domains of parameters, which can be used for monitoring the fatigue 
degradation process, is examination of magnetic state of critical locations of the object. 
Magnetic measurements are usable NDT techniques for evaluating fatigue damage of 
ferromagnetic materials, because modifications of density and patterns of dislocations, and 
formation of persistent slip bands result in magnetic property changes. The main potential 
magnetic techniques for detecting fatigue damage include measurements of Barkhausen effect 
(BE) [14, 15], magneto-acoustic emission (MAE) [16], methods based on magnetic flux 
leakage (MFL) and magnetic hysteresis. BE and MAE signals originate from discontinuous 
magnetization processes occurring during the hysteresis cycle, and they are both strongly 
influenced by stress and deformations. The disadvantage of these techniques for NDT 
applications is that BE and MAE signals are generally weak and, therefore, a very sensitive 
measurement equipment is required and the danger of interfering noise is high. 
The metal memory method (MMM) is a relatively new, passive non-destructive 
testing method based on the magneto-mechanical effect. The fundamentals of the method are 
elaborated in references [17, 18]. It is an extended magnetic flux leakage method, similar to 
the normal MFL but without artificial excitation. Due to the effects of applied load and the 
Earth's magnetic field, spontaneous stray field signals can occur on the surfaces of 
ferromagnetic materials during their manufacturing process or operation. Its normal 
component, Hp(y), likewise known as metal magnetic memory signal, can be utilized to 
evaluate the ferromagnetic materials’ degree of damage. Compared with other magnetic 
methods, MMM is simple and easy to master. Previous studies have shown that MMM can be 
used for evaluation of changes in microstructure and local stresses, which are introduced to 
and accumulated in the materials during fatigue [19, 20]. However, until now, the signal 
quantification is rather difficult owing to complicated factors influencing the MMM signals 
[21 - 24], and more systematic tests and deeper theoretical support is required. It is still a 
question whether and how this method can be used to predict the fatigue residual lifetime. In 
addition, many factors can affect the very weak Hp(y) signals, such as chemical composition 
of the ferromagnetic steel, shape and size of the ferromagnetic components, and heat 
treatment conditions, among others. This results in complex distributions of Hp(y) signals in 
different ferromagnetic structures. In order to facilitate study of the Hp(y) signals on 
laboratory specimens, a small transverse notch [25] or a small concave depression [26] must 
be sometimes fabricated on the specimens, in order to create artificial stress concentrators and 
to localize positions where the fatigue cracks appear and where the signal should be 
measured.  
A typical magnetic method is measurement of magnetic hysteresis loops [27], from 
which structure-sensitive parameters can be extracted. The traditional magnetic parameters of 
major hysteresis loop, like coercivity, remanence or maximum permeability, were shown, see 
e.g. [28, 29], to be sensitive with respect to properties variation of ferromagnetic materials 
during fatigue processes. Describe the fatigue lifetime with a variable t=<0,T>, where t can 
represent actual service lifetime of the object, i.e. number of cycles at a harmonic loading by 
a constant load, number of start-stop cycles, or similar. Let T be the total lifetime, i.e. that 
value of t, when the applied fatigue destroys the object completely. The traditional magnetic 
parameters are most sensitive mainly at the beginning of the first (the starting 5% of the total 
lifetime, i.e. approximately until 0.05T) and at the end of the third (the last 10 to 15% of the 
total lifetime, i.e. approximately after 0.85T) phase of the fatigue process [30, 31]. This means 
the parameters are sensitive during the starting changes of the mechanical properties and then 
during the main crack spreading. Throughout the major part of the lifetime, i.e. during 
majority of the middle lifetime of the object, values of the traditional hysteresis parameters 
are almost constant, which does not offer much opportunity for current monitoring of the 
advancement of the actual material fatigue damage. Another weakness of the traditional 
hysteresis parameters as indicators of ferromagnetic construction materials fatigue is the fact, 
that their starting and final sensitivities are rather pronounced at laboratory ferromagnetic 
materials (e.g. Fe+0.1%Cu, [28]) but they are hardly achieved at common construction steels. 
Last, but not least, the measurement of the full, major hysteresis curve, from which traditional 
parameters are determined, requires magnetic saturation of the measured object, which is 
often anything but straightforward. 
Similar behavior [32] of fatigued commercial steel CSN 12021 was also observed with 
the use of a recently developed hysteresis method, referred to as Magnetic adaptive testing 
(MAT). MAT is based on systematic measurement and evaluation of minor magnetic 
hysteresis loops, it was described in details in [33], and potentiality of its application for 
testing fatigue of ferromagnetic construction materials is shown in the present paper. 
Actually, the main purpose of the present paper is to illustrate on an experimental example, 
that by using the multi-parametric character of MAT, and a special proper experimental and 
evaluation technique, we can provide very adequate current monitoring of advancing fatigue 
damage in ferromagnetic construction objects. The MAT parameters are easily measured, 
their slight variation during the whole fatigue process is able to yield at least a rough estimate 
of the exploitable residual lifetime and certainly they can serve as timely indicators of the 
approaching danger of the lifetime final end. 
 The applied method and the performed experiments are described in Section 2, their 
evaluation and results are presented in Section 3 and the so-far evident advantages and 
disadvantages of the MAT approach will be discussed in Section 4.  
 
 
2. Method and Experiments 
 Description of the applied method and of the performed experiments is presented in 
the three following paragraphs. The samples and the way of their loading are illustrated in the 
first paragraph. The second paragraph is dedicated to the electro-mechanical set-up for the 
SF-Test, which was adapted and used for this series of experiments. The last paragraph of this 
Section provides basic information about the employed electro-magnetic system and the 
method of Magnetic adaptive testing, as it was modified for the fatigue damage application. 
 
 
2.1. Samples 
 The samples are made of low-carbon steel (S235JR) with two types of heat treatment. 
The “cold rolled” samples are made of steel sheets recrystallization-annealed (550-700oC) and 
slightly cold rolled. The “hot rolled” samples are made of 4x40 mm2 bars, hot rolled (850-
1100oC) without annealing. The shape of the specimens is shown in Fig.1, with the cross-
section of the middle narrow part 4x20 mm2. The bottom head of the sample is fixed in a solid 
vice with non-magnetic jaws. A small ferromagnetic armature, which is mounted at the top 
head of the sample, helps to the sample to be periodically bent back and forth in a controlled 
way by a couple of deflection electromagnets. (See also Fig.2.) 
 
 
Fig.1 The standard shape sample made of low-carbon steel. The arrows mark the crack 
initiation area. The dimensions are in millimeters. The sample thickness is 4mm.  
 
 The specimen is ferromagnetic, it is flat, and it can be magnetized for the MAT-
measurement by a short solenoid placed over the critical volume, where the fatigue cracks are 
initiated in the sample. This critical area is the neck, close to the fixed bottom head of the 
sample (See also Figs.1 and 2). An easy magnetization of the sample during the MAT 
measurement is helped by a couple of passive yokes (two transformer C-yokes), which are 
pressed by a special plastic holder to the flat surfaces of the sample during the magnetic 
testing. 
 
 
2.2. Mechanical loading of the samples: SF-Test 
 Cyclic loading of the samples takes place at an adapted SF-Test facility, see e.g. [34, 
35], shown in Fig.2. The bottom-fixed sample is loaded by swinging back and forth its top 
part (which is equipped with a small armature to increase the deflection forces and to decrease 
the resonance frequency of the system) by an ac electromagnetic field induced by two 
electromagnets. Frequency of the electromagnetic field, i.e. the excitation frequency of the 
specimen, is kept equal to the resonance frequency of the sample-armature system. The 
excitation frequency (in our case around 80-90 Hz) is controlled by maintaining a constant 
phase shift between the excitation force and the specimen deflection. The deflection 
amplitude of the free top end is measured by a laser distance sensor. A PID regulator is used 
to control the excitation force amplitude in order to keep the free end deflection constant. For 
the performed experiments, the free end amplitude of 4 mm was chosen, which resulted in 
fatigue lifetimes of the tested samples in the order of several hundred kilocycles. 
 The gradually developing fatigue damage is reflected by changes of the resonance 
frequency. During the pre-initiation phase, the cyclic hardening or softening of the material 
influences the specimen stiffness. During the crack initiation and propagation phases, the 
fatigue cracks effectively reduce cross-section of the specimen, which results in an 
accelerated decrease of the resonance frequency. Level of the fatigue damage of the samples 
can thus be estimated from the resonance frequency variation. 
 
Fig.2 The electro-mechanical part of the SF-Test system for cyclic loading of standard 
samples by mechanical bending. The fatigue cracks are initiated in the area of maximum 
stress marked by the colored ellipse in the middle photo. 
 
 
2.3. Magnetic measurement of the samples: MAT 
 Physical principles, experimental application and ways of evaluation of results of 
MAT are described in most details in the first two paragraphs of [33]. For the purpose of this 
paper it is probably enough to point out that Magnetic adaptive testing proceeds by 
magnetization of the tested ferromagnetic object by slowly oscillating magnetic field with 
constant absolute value of its rate of change and with amplitude, which starts at a chosen 
minimum and is increased by a constant step after each period, until magnetic saturation of 
the sample is achieved or at least approached. A voltage signal is induced in a pick-up coil 
wound around the magnetized circuit. The recorded data constitute a large family of minor 
loops of differential permeability, , of the magnetized circuit, a part of which is formed by 
the investigated object. The data are processed and interpolated into a large set of descriptors, 
(I, A, t), of the magnetic state of the magnetized circuit, each of them indexed by a triplet of 
parameters. They are the actual magnetizing current, I, the actual current amplitude, A, of the 
minor loop and the actual fatigue degradation lifetime, t, of the sample. Each sequence of the 
descriptors, which have their parameters I = Ii and A = Aj constant and only t is varied from 
t = 0 up to t = T, and which is normalized by value of the corresponding descriptor at t = 0 
(i.e. of the ”virgin” or reference sample), is called a normalized degradation function 
(Ii, Aj, t) of the fatigue degradation lifetime, t, of the sample. The produced degradation 
functions are compared with each other and the most sensitive and/or the most indicative of 
them are picked up for the best indication of the fatigue degradation process. The degradation 
functions, which were created straight from the induced signal, are usually labeled as the -
degradation functions. However, for the purpose of indication of the fatigue, degradation 
functions based on the derivative d/dI = ’ proved to be substantially more indicative. They 
are used in the next figures and they are referred to as the ’-degradation functions, 
’(Ii, Aj, t).  
 The MAT-measurement of our samples proceeded in such a way, that always after a 
chosen number of loading cycles a short solenoid containing both the magnetizing and the 
pick-up coils was placed over the critical part of the sample, a couple of passive soft magnetic 
yokes was pressed to the sample so, that they and the sample created a closed magnetic 
circuit, and one family of the minor permeability loops was recorded. Then the yokes were 
taken away and a next number of loading cycles were applied. Fig.3 shows the sample with 
the yokes and with the yoke-holder during the magnetic measurement. 
 
 
 
Fig.3. The critical part of the sample is covered by the magnetizing/sensing solenoid and by a 
couple of passive soft yokes pressed to the surface of the sample with a plastic spring holder. 
All is fixed at the bottom in a vice with non-magnetic jaws. The couple of deflection 
electromagnets can be seen at top of the figure. 
 
 
3. Results 
 For purposes of illustration in this paper, a single sample made of cold rolled S235JR 
steel was chosen for presentation of a typical MAT-measurement of the fatigue damage 
process. The selected sample was fatigued and measured as described in Section 2. The 
continuous recording of the resonance frequency supplied an immediate controlling 
information about approximate mechanical state of the sample, and allowed to focus in more 
details on those parts of the sample lifetime, when its mechanical state varied faster than at the 
middle, slower-change, lifetime part. The magnetic measurement was carried out first on the 
virgin (not fatigued) sample, and then approximately after each 10 kilocycles (kc) at the 
starting and at the ending parts of the fatigue lifetime, and after each 20 kc in the middle part.  
 The sample was magnetized by a short solenoid with 200 turns of wire  0.5 mm, and 
the pick-up coil (wound on the same support) had 300 turns of  0.15 mm wire. Each of the 
two passive yokes had cross-section 10 x 25 mm2, inner distance between the legs 15 mm, 
and 36 mm outside height in the bow. Nonmagnetic spacers with thickness 0.095 mm were 
placed between the faces of each yoke and the sample surface. (Role of these spacers is 
explained and discussed in Section 4.) The magnetizing current amplitude started at 
A = 0.02 Amp and continued by steps of 0.02 Amp until the maximum amplitude 0.8 Amp 
was attained. The magnetizing current was varied in a triangular way, with the rate of change 
kept always 0.4 Amp/s. 
 Careful evaluation of shapes and sensitivities of the complete set of the ’(Ii, Aj, t)-
degradation functions, created as described in Section 2 (or in more details in [33]), revealed 
that starting from the minor loops amplitude Aj  0.4 Amp the ’-degradation functions 
offered results, which were very well applicable for the purpose, and practically identical with 
one another. In Fig.4 some typical ’(Ii, Aj=0.5 Amp, t)-degradation functions computed from 
derivative of the induced signal at the minor loop with amplitude Aj = 0.5 Amp, for a number 
of immediate values, Ii, of the sweeping magnetizing current, are plotted. They will be 
referred to as Ii’(t) in the following text. 
 A number of Ii gives many applicable Ii’(t)-degradation functions, which can be 
successfully applied for indication of the fatigue-induced changes in the measured sample. 
They are either non-monotonous, as those with Ii = -0.11 Amp and those with Ii = 0 Amp or 
they can be monotonous as those with Ii = -0.21 Amp and those with Ii = +0.15 Amp. The 
normalized curve of the resonance frequency is also plotted. Evidently the start of the 
accelerating curvature of the Ii’(t)-degradation functions is situated at about very similar 
actual lifetime, t, or even sooner, then that of the resonance frequency. 
 Fig.5 was added for a better understanding of the construction of the Ii’(t)-
degradation functions. Shapes of the Ii’(t)-degradation functions, for individual values of Ii, 
can be constructed from the varied profiles of the ’(I, Aj=0.5 Amp, tk) curves for the 
explicitly shown tk values corresponding to the magnetic measurements at each stop of the 
fatigue process. 
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Fig.4 Examples of Ii’(t)-degradation functions for several values of Ii obtained from the 
minor loop with amplitude Aj = 0.5 Amp. The curves for Ii = -0.11 Amp and Ii = 0 Amp are 
non-monotonous, the curves for Ii = -0.21 Amp and Ii = +0.15 Amp are monotonous. The 
curve of stars presents behavior of the normalized resonance frequency of the sample, which 
was continuously measured by the SF-Test equipment during the whole fatigue process. Its 
shape is very close to the Ii’(t)-degradation functions with Ii = -0.21 Amp (and to several 
others – not shown here – close to Ii = -0.21 Amp). Generally, all the Ii’(t)-degradation 
functions presented in the figure achieve their most notable feature (the fast upward or 
downward curvature, see the arrows for the -0.11’(t)- and the 0’(t)-curves) at or even sooner 
than the start of the curvature acceleration of the resonance frequency (see the relevant 
arrow), which in its turn indicates start of the critical crack spreading through the sample. 
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Fig.5 Half-loops of the first derivative of differential permeability ’(I, Aj=0.5 Amp, tk) for 
0  tk  234 kc (only the half-loops corresponding to the increase of the magnetizing current 
from the negative values towards the positive ones) plotted in a “waterfall” type 3D-graph. 
The graph allows to see changes of ’(I) during the whole fatigue process of the sample. 
Horizontal scale at the right-hand side of the figure represents the actual lifetimes of every 
second of the plotted curves. (These half-loops are identical with the relevant halves of the 
loops plotted in Fig.8 in Section 4.) 
 
 
4. Discussion 
It was stated in the Introduction already, that microstructure of the cyclically loaded 
solid material undergoes modifications, which re-shape general pattern of dislocations and 
substantially change the dislocation density. These changes cause redistribution of 
inhomogeneous local stresses and micro-strains, which eventually may lead to occurrence of 
micro-cracks and even to the final main crack. Magnetic properties of ferromagnetic materials 
are very sensitive to distribution of internal stresses. This effect was investigated by many 
researchers, starting from 1930 and continuing with increasing understanding and with a 
gradually improving theoretical description until now, see e.g. [19, 20, 31, 36 - 38]. Process of 
magnetization of each ferromagnetic material proceeds mainly via irreversible motion of 
magnetic domain walls and the dislocations pin domain walls through the magnetoelastic 
coupling. Therefore it is not surprising that even the macroscopic behavior of any 
ferromagnetic cyclically loaded object responses to modifications of the dislocations 
pattern/density and eventually even to formation of micro-cracks, which – in their turn – are 
accompanied by appearance of an extra internal demagnetization. 
However, as mentioned in Section 1 and in Paragraph 2.3, the traditional magnetic 
hysteresis parameters vary with fatigue lifetime of construction steel samples only very 
slightly. Nevertheless, at some ranges of the magnetization process, first derivative of the 
differential permeability can show very well applicable changes. Figs.6, 7 and 8 illustrate this 
situation for the used sample. They present very small differences of the traditional magnetic 
hysteresis parameters HC, BREM, and MAX in Figs.6 and 7. Actually, the hysteresis loops in 
Fig.6 look almost identical with each other for lifetimes of the sample from tk = 0 up to tk = T. 
The only differences – if any – can be observed in the ranges of the loops “knees”. Fig.7 
suggests, that it is really so, but the differences of the measured signal values (i.e. of values of 
(I)) are still minute. However, the slopes of (I) are certainly different from one another and 
this is confirmed by plots of ’(I) in Fig.8. 
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Fig.6 Hysteresis loops of magnetic induction, B(I), for 8 values of the actual lifetime, tk, of the 
sample. These loops were computed by integration of the measured induced signals, halves of 
which are plotted in Fig.7. It is evident that both coercivity, HC, and remanent magnetic 
induction, BREM, varied during the whole lifetime of the sample only very little. 
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Fig.7 Directly measured half-loops of the induced signal, proportional to the differential 
permeability, (I), of the tested magnetic circuit, plotted for the same 8 values of the sample 
lifetime as in Fig.6. In order to make the figure more lucid, only halves of the signal loops are 
plotted, namely those which correspond to the increase of B with the increase of I (i.e. 
corresponding to the bottom branches of the hysteresis loops in Fig.6.) Here it is evident that 
the maximum permeability, MAX, was slightly varied during the sample lifetime. However, 
the variations can be much better observed in slope of the curves at certain ranges of the 
magnetizing current. i.e. at certain ranges of the first derivative of the measured signal. This is 
presented in Fig.8. 
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Fig.8 Half-loops of the first derivative of the induced signal, ’(I), of the tested magnetic 
circuit, corresponding to the half-loops of the signal plotted in Fig.7. The shapes and values of 
’(I) are very distinctly varied with the advancing sample lifetime at some ranges of the 
magnetizing current. The well indicative ’-degradation functions shown in Fig.4 of Section 3 
were taken just for the Ii values shown in this figure by dashed vertical lines. Also compare 
the curves plotted here with those plotted in Fig.5. 
 
As mentioned above, the traditional magnetic parameters are sensitive mainly during 
the starting changes of the mechanical properties and then during the main crack spreading, 
when the investigated object approaches the end of its total lifetime. This was observed 
before, e.g. in [28] and others. The ’-degradation function for Ii = -0.11 Amp in Fig.4 closely 
corresponds to the results of the traditional measurements based on major hysteresis loops. 
Evidently, the MAT data are not in contradiction with those results but yield more parameters 
by means of a whole set of the ’-degradation functions. Some of them are monotonous as 
functions of the actual lifetime, t, some are not, and they together open a way to a more 
complex and substantially more reliable characterization of the material degradation, than the 
few classical parameters only. It is an important goal of MAT to look for the most proper 
choice of a number of applicable parameters, mutually supporting and completing one 
another, from the large available measured data pool. 
The curves in Fig.4 represent the four main types of the ’-degradation functions, 
which are available for indication of the approaching end of lifetime of the fatigued objects. 
Evidently, they are not singular and degradation functions with Ii-values close to those 
explicitly introduced in Fig.4 differ from the shown curves only a little. The explicitly 
introduced Ii-values generally indicate the middle of limited ranges of mutually similar 
functions.  
 Each point of each degradation function in Fig.4 was measured several times. The 
observed scatter of experimental values was very small (even though the sample surface was 
not polished and it corresponded to the ordinary industrial rolling) and the corresponding error 
bars do not exceed size of the plotted point symbols. This observed minute scatter speaks 
about a high reliability of the measurement and about a trustworthy indication of the tested 
object’s fatigue degradation. It is especially important in the region of the fast upwards or 
downwards curvature of the ’-degradation functions, when the object approaches end of its 
lifetime. 
 It was a great advantage for the whole experiment that the well-understood and many 
times checked-up SF-Test could be used throughout the measurement as an immediate 
indicator of the advanced fatigue damage lifetime and that the magnetic MAT-measurement 
could be continuously checked and controlled by this knowledge. The SF-Test informs about 
the advancing fatigue damage of the sample via variation of the sample resonance frequency. 
Unfortunately, of course, the SF-Test is not easily applicable to industrially interesting 
construction details, as their resonance frequency can be measured only in very special 
configurations, if at all. 
Testing of the fatigue damage caused by cyclic bending of flat samples is experimentally 
very friendly. Firstly, the applicable frequencies are around 80 Hz, and application of several 
hundred thousand of cycles does not last unpleasantly long time (this is in contrast with 
frequently used tension/compression fatigue experiments in electro-hydraulic loading 
machines, where the maximum achievable frequency hardly attains 10 Hz). And secondly, the 
flat surface of the samples makes it simple – just with a pair of commercial soft yokes – to 
create a good magnetic circuit for the necessary strong enough magnetization of the sample 
(also in contrast with the common tension/compression loading, where the usual shape of the 
samples is cylindrical and closing of a magnetic circuit is much more difficult). 
Actually, even the “simple” magnetic contact of flat yoke faces on a flat surface of the 
tested object can bring about problems, as quality of the magnetic contact is often difficult to 
be reproduced without a rather large fluctuation. It was shown in [39], however, that this 
problem is very well solved with the aid of a thin non-magnetic spacer placed between the 
yokes faces and the object surface. A non-magnetic spacer 0.095 mm thick was used in the 
presented example. The spacer minimizes the fluctuation, decreases the induced signal and 
also modifies its shape. We plan to look systematically for optimum applicable thickness of 
the spacers in our next research program. Preliminary results of detailed optimization of the 
experimental conditions reveal existence of shapes of ’-degradation functions with even 
steeper slope in the middle part of the damaged object’s lifetime than those plotted as an 
example in Fig.4, enabling to follow progression of the object’s lifetime almost throughout 
the complete process of its fatigue damage, see [40]. 
The yokes used in the presented example were passive: the sample was magnetized and 
“sensed” by coils wound around its body. It is sure, that this configuration is very special and 
probably will be applicable only in rare industrial cases, when such a configuration is allowed 
by the shape and position of the tested construction. In other cases, however, active 
magnetizing/measuring yokes – inspection heads – can be used. These have the magnetizing 
and the pick-up coils wound on their bodies, and magnetization and picking up of the induced 
signal of the magnetic circuit, one part of which is the tested object, is performed by the coils 
on the yoke. In principle, objects of any size and shape can be inspected with the aid of such 
an inspection head. We started testing active inspection heads and plan to investigate 
systematically their advantages and disadvantages. 
The measured correlation between MAT parameters and the actual fatigue lifetime does 
not depend on the applied method of the object magnetization. This important feature, which 
makes industrial use of MAT actually applicable, was discussed in [41], where influence of 
the magnetizing and the pick-up techniques on the optimum magnetic descriptors of MAT 
was studied by measuring a series of gradually degraded individual steel samples. The same 
series of flat samples were magnetized by an attached active inspection head and by an open 
solenoid. It was found that qualitatively the same relationship was obtained, regardless of the 
actual type of the experimental conditions. The sensitivity depends on the technique of 
magnetization, but there are no functional differences between application of different types 
of magnetizing yokes and on exact positions of the pick-up coils. An open magnetization 
circuit yields lower sensitivity due to the strong demagnetizing effect of the samples shape, 
but even in this case a corresponding relationship can be found. 
The very first experiments with the fatigue indication by MAT were carried out using the 
full analysis of the measured data. Those data were obtained during magnetization of the 
samples in the broadest range of the magnetizing current amplitudes, from an achievable 
minimum up to maximum amplitudes, which almost saturated the samples. Analysis of the 
sensitivity maps (see [32] for details on sensitivity maps) revealed, that the very low 
amplitudes do not give applicable results, and that it is advantageous and sufficient to use 
larger amplitudes only. As an approximate “rule of thumb” the samples do not need to be 
magnetized by magnetizing fields as low as those that do not create well-developed “knees” 
on the hysteresis loops. The sensitivity maps (not shown in this paper) reveal also, however, 
that neither too large magnetizing amplitudes (close to saturation) are required, as starting 
from a certain value (e.g. Aj  0.4 Amp for the used sample, the applied magnetizing coil and 
the yokes) all the mutually corresponding degradation functions coincide. 
Application of large enough “medium” magnetizing amplitudes present an additional 
small experimental advantage: It is not necessary to demagnetize the samples artificially (e.g. 
by a decreasing ac field) before each MAT measurement, in order to insure identical starting 
magnetic conditions of the sample. No differences were observed between data obtained on 
properly demagnetized and on not properly demagnetized samples. Evidently, shape 
demagnetization of the samples, caused just by removing the magnetic-circuit-closing yokes 
from the sample surface, was here enough. 
Within the paper, we mostly speak about the magnetizing current during the MAT 
measurement, even though values of the magnetizing field would be more descriptive and 
certainly more general. However, to measure the magnetizing current is easy and to measure 
the magnetizing field inside the sample is difficult. As magnetic adaptive testing offers only 
relative data anyway, application of the same experimental conditions at one series of 
measurements (the same coils, yokes, spacers, etc.) ensures, that use of the easily measurable 
current is quite appropriate for simplification of the measuring set-up and it gives perfectly 
usable results. As discussed above, application of a non-magnetic spacer between yoke and 
sample guarantees, that even the quality of magnetic contact of a repetitively artificially 
closed magnetic circuit can be considered to be a repeatable experimental condition within 
one series of measurements. 
As stated above, samples available for the presented paper were produced from low 
carbon steel S235JR. Two forms of the steel were investigated, hot rolled flat rod (hot rolled 
specimens) and cold rolled sheet (cold rolled specimens). The processing of the steel 
influenced its microstructure, its residual stress field, and consequently its fatigue life. The 
typical fatigue life, T, of the cold rolled samples was about 250 kc, whereas the hot rolled 
samples had the fatigue life about twice as large, at the same deflecting conditions. As the 
MAT response of the cold rolled samples was more pronounced (at the applied experimental 
conditions), we choose one cold rolled sample for the presented illustration. 
It is recommended in many applications of MAT first to measure completely a reference 
sample/object. This object should be of the same material, of the same shape and should be 
degraded by the same processes as the unknown next objects, the state of actual degradation 
of which is planned to be determined in future. The reference object is measured in details 
during the whole process of its degradation and its recorded MAT-data form a calibration 
curve (and/or a set of calibration curves), which are corresponding data of the unknown 
objects then compared with. Such an approach can be easily applied at the fatigue-testing 
MAT experiments on specially shaped and plentiful samples, when the first basic information 
about the MAT applicability on the problem is investigated. Such an approach was, of course, 
also used in the experiments, which is the present paper based on. However, a corresponding 
reference sample can hardly be prepared and tested up to the end of its fatigue life, if we are 
supposed to investigate a real industrial object or construction. Then, another approach will be 
necessary, namely the tested object should be measured at the suspected most fatigue-exposed 
location(s) – at stress concentrators – repeatedly and regularly, always after a reasonably 
estimated increment of the load cycles. The measured ’-degradation functions should be thus 
constructed point-by-point from those regular repeated measurements during the whole 
object’s lifetime. It is probably not necessary to emphasize, that all the mutually 
corresponding measurements must be always done at the same locations of the object and at 
the same experimental conditions, of course. The start of fast change of the curvature of the 
’-degradation functions (upwards or downwards, according to their type) draws attention of 
the human operators to the approaching end of the object’s lifetime and to the possible 
danger. Fig.4 shows the fast change of the curves curvature appears at about tk  0.8 T or even 
sooner (see e.g. the ’-curves for Ii = -0.11 Amp and Ii = 0 Amp). This is about, or even 
sooner than, when nucleation of the main crack is indicated by the fast change of curvature of 
resonance frequency in the SF-Test. Based on our presently carried out experiments, we 
rightfully suspect this behavior of the ’-degradation functions to be typical for all the 
fatigued ferromagnetic objects and expect the fast increase of their curvature to be applicable 
as a reliable indication of the approaching end of lifetime of many industrial objects. 
However, similar and other experiments are presently running and information about them 
will be published as soon as possible. 
 It is worth of mentioning, that close to the end of lifetimes of the investigated objects, 
the qualitative types of correlation between magnetic parameters and t, (no matter if obtained 
from classical coercivity measurement, from MAT or from MMM) are very similar to each 
other. In classical fatigue magnetic measurements on Fe+0.1%Cu (see [28]), in fatigue 
laboratory tests of train axles (see [26]), or in our results on samples of both cold and hot 
rolled S235JR, always a sudden change of values of the indicative parameters was observed, 
when the end of lifetime was approaching. It suggests that magnetic methods properly reflect 
structural modifications, which happen in the inspected fatigued material. Existence of this 
common good correlation evidently supports reliability and next applicability of magnetic 
nondestructive testing methods, regardless of the actual choice of method. The choice of the 
most suitable way of measurement must be made by taking into account the actual conditions 
of the task to be solved, the reachable signal-to-noise ratio, and frequently also the mutual 
multi-parametric support of simultaneously obtained parameters as is the case e.g. at MAT.  
 The best result of the magnetic measurement can be evidently expected if the magnetic 
inspection is performed at such a locality of the fatigued object, where the first appearance of 
the main crack is expected, namely at a stress concentrator position. Preliminary experiments 
showed, that modifications of the material microstructure can be magnetically observed even 
at positions at some distance from the concentrator. However, no systematic research of such 
a distance-dependence was realized yet, and at the moment we are not able to give any 
quantitative description of such situations. More detailed investigation is necessary and we 
plan to look into the problem in our next experiments. At this moment, however, the primary 
recommendation is either to locate the stress concentrator position, or even – perhaps – to 
create an artificial stress concentrator on the investigated object and to perform the 
measurement just there. 
 
 
5. Conclusions 
Damage of flat low-carbon steel samples subjected to resonance bending fatigue test was 
investigated. A recently introduced nondestructive method of magnetic adaptive testing 
(MAT), which is based on systematic measurement and evaluation of minor magnetic 
hysteresis loops and their derivatives, was applied. We showed by an experimental example, 
that multi-parametric data acquired by MAT can provide a way to complex current 
monitoring of advancing fatigue damage in ferromagnetic construction objects. The presented 
illustrative example explained main features of the measuring and evaluation procedures and 
demonstrated, that by combination of several types of the monitoring experimental curves – 
referred to as ’-degradation functions – a reliable prediction of the approaching end of 
lifetime of the tested object can be obtained at the process time when more than about 20% of 
the undisturbed exploitable lifetime is still available. 
More experiments, aiming at verification and optimization of the MAT indication of 
advancing fatigue damage in ferromagnetic construction materials and objects are under work 
and will be currently published. 
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